This broadband, low dispersion mirror damage competition is a continuation of last year's test with 150 ps pulse length results published in 2015 and 40 fs pulse length results in this study. This competition allows a direct laser resistance comparison between pulse durations because the samples were laser damage tested under identical conditions. The requirements of the coatings are a minimum reflection of 99.5% at 45 degrees incidence angle at "P" polarization with a Group Delay Dispersion (GDD) of < ± 100 fs 2 over a spectral range of 773 nm ± 50 nm. The choice of coating materials, design, and deposition method were left to the participant. Laser damage testing was performed using the raster scan method with a 40 fs pulse length on a single testing facility to enable a direct comparison among the participants. GDD measurements were performed to validate specification compliance. A double blind test assured sample and submitter anonymity. In addition to the laser resistance results and GDD measurements, details of the deposition processes, cleaning method, coating materials and layer count are also shared.
INTRODUCTION
This latest thin film laser damage competition represents the ninth in a series of damage competitions started in 2008 at the Boulder Damage Symposium. In addition, this is a two-year competition in which the damage resistance of a set of broadband, low dispersion mirrors is investigated with two pulse durations using the same damage test setup and the same protocol.
1 Thus, this damage competition allows a direct comparison of the current state of the art of high laser resistance coatings for petawatt class lasers based on chirped-pulse amplification technique in which high energy, long (∼0.2-1 ns) and short (∼15-50 fs) pulse transport mirrors, and pulse compression gratings are often the fluence limiting components. [2] [3] [4] In addition, such optical coatings must adhere to strict spectral design specifications aimed to control and/or preserve both the amplitude and phase over the broadband frequency spectrum associated with short pulses.
PARTICIPATION
Forty-two samples were submitted over the two years of this competition by nineteen different participants representing seven different countries as observed in Table 1 . In 2015, five participants were new to this series of competitions and are shown with 2 years of participation in the table. Laser Zentrum Hannover remains the only institute that has participated in every competition since 2008. The samples were manufactured by each participant on their own 50 mm diameter by 10 mm thick substrates and submitted for laser damage testing and GDD measurements. In addition to providing the samples, participants were required to supply the following information:
• Number of coating layers • Coating materials • Reflectance scans over the specified spectral bandwidth • A brief description of the deposition method • A brief description of the cleaning method • Substrate material An unexpected result of the 2015 competition was the significant number of samples that were found not to comply with the challenging GDD specifications over a fairly wide spectral range.
1 For this reason, we have re-opened the 2016 competition for new sample submissions to all former and new participants in order to enrich the set of samples which met all specifications (listed in Section 3) prior to performing damage testing using 40-fs pulses. We have thus received nine new samples from five participants which were tested for GDD compliance first. Following these measurements, we tallied twenty-one samples that have passed the GDD specifications over the two years. All samples in this final set were cleaned at LLNL by ethanol drag wiping under a clean laminar flow bench and then sent to be damage tested with 40-fs pulses; unfortunately, due to the increased complexity of the latter measurements, it was not possible to also complete damage testing with 150-ps pulses on the subset of 2016-received samples.
SAMPLES
Samples were assigned a unique two-digit participant code to maintain anonymity. The first digit consisted of a letter ranging from A to V for the twenty one participants respectively (sixteen in 2015 and additional five in 2016). The second digit was a sample number ranging from 1 to 4 depending on how many samples were supplied by each participant. The connection between the participant name and code was unknown to the damage testing service and GDD measurement service. They only had access to the participant code so as to remain unbiased and to protect the identities of participants whose samples had lower laser resistance or non-compliant GDD. Only the participant code is used in this paper and also the talk at the Laser Damage Conference to maintain participant anonymity.
The coatings had to meet the following specifications:
• Wavelength range 773 ± 50 nm • Incidence angle 45 degrees 
MEASUREMENTS
GDD measurements were performed at KMLabs in Boulder, Colorado on the Chromatis 5 instrument. Measurements were done over a wavelength range of 700-850 nm using a Silicon detector and a beam diameter of 6 mm. A gold calibration standard established a measurement error of less than 5 fs 2 . As mentioned above, GDD measurements on the 2016 samples were performed prior to damage testing to check compliance with the specifications and minimize the number of tests using short pulses.
The samples were laser-damage tested at the Femtosecond Solid Dynamics Lab at the Ohio State University using the raster scan method. 6, 7 The damage test setup used for the 2015 competition was described in detail in Ref. 6 . The same setup has been modified to accommodate the broadband, 40-fs pulses required for this year's competition as follows: a reflective focusing element in a f /69 geometry was employed to reduce the nonlinear propagation effects in air with high peak intensity pulses but low energy (fluences used in this study were kept below 1 J/cm 2 ). The laser beam profile at the sample plane was characterized prior to each sample test using a diagnostic reference arm. In addition to these conventional focal spot measurements, insitu single-shot laser ablation experiments on a silicon wafer were also performed at fluences up to 2 J/cm 2 . Specifically, ablation crater diameters correspond to constant fluence contours in the laser beam profile, i.e., silicon ablation threshold, from which the beam diameter can also be inferred. 8, 9 These latter measurements confirmed the beam diameter of 68 microns at 1/e 2 and near-Gaussian profile shown in Fig. 1 and set the upper limit on the fluence error at ∼15% due to self-focusing. We do believe that the experimental errors on the actual test fluences were in fact lower, on the order of 8%. The temporal and spectral profiles of the 775-nm, ∼33-fs pulses with ∼45-nm bandwidth (BW) are also shown in Fig. 1 . The pulse energy incident on the sample was controlled via a waveplate-polarizer combination.
The samples were raster scanned at the repetition rate of 500 Hz in a serpentine pattern over a 3x3 mm 2 area starting at a fluence of ∼0.5 J/cm 2 and subsequent adjustments in 0.05-0.1 J/cm 2 steps. All fluence values reported here represent the beam normal fluences. A new area was scanned at each different fluence to minimize the potential for laser conditioning. An in-situ camera was used for damage detection. Multi-shot tests with discrete fluences at pristine sample locations (S-on-1) were typically performed first on a new sample in order to gauge the starting raster fluence. The damage observed with 40-fs pulses had a strong deterministic behavior with very sharp thresholds, i.e., intrinsic damage. Namely, it was observed that the raster test at a given fluence would pass or fail if and only if the S-on-1 test at the same fluence did pass or fail in a similar fashion, respectively. In addition, there was no spatial correlation between the damage locations and those of pre-existing, µm-size coating defects, which is in contrast with the 150-ps results. The small increments in the raster fluence enabled accurate determination of the 40-fs damage threshold for each sample; this value was computed as the average of the highest and lowest pass and fail raster fluences, respectively. The results of the GDD measurements performed on the 2016-received samples are plotted in Fig. 2 in which the red rectangular box represents the specifications, i.e., spectra should not intersect the upper and lower limits at ± 100 fs 2 over the wavelength range of 723-823 nm. Seven of the nine new samples met the GDD specification and were advanced to damage testing using 40-fs pulses along with the other fourteen, 2015-received samples; over the two years of the competition, ∼40% of the coatings failed to comply with the GDD specifications. From this point on, we will limit our discussion of results obtained from the subset of samples that met all specifications outlined above. Figure 3 illustrates the laser damage resistance (LIDT) of the coatings with 150-ps and 40-fs pulses, respectively, sorted by short pulse fluence, i.e., blue bars, high to low from left to right. These results indicate no apparent correlation between LIDTs with different pulse lengths which may suggest that the damage mechanisms and/or the damage initiation precursors are largely different for the two pulse duration regimes. This observation is in agreement with the distinctive damage character discussed above, extrinsic (defect-driven) vs. intrinsic (deterministic) for 150-ps and 40-fs pulses, respectively. Despite the lack of correlation in Fig. 6 , an interesting observation emerges when the data in Fig. 3 is restricted to the fourteen samples tested with both pulse durations and re-sorted by long pulse fluence LIDT, i.e., red 
RESULTS
bars, high to low from left to right. This is shown in Fig. 4 along with a green box denoting the average performance range at either pulse duration. For this reduced population of samples, it can be noted that above or about average performers with 150-ps pulses dropped to about average performance with 40-fs pulses. Moreover, the lowest performers with 150-ps pulses have climbed in rankings with 40-fs pulses, most reaching the average or even top performance. Next, we will examine other correlations. Similar to the 2015 findings for 150-ps pulses, 1 the correlation between either GDD-(max-min)/2 value-or layer count and the laser damage resistance of the coatings with 40-fs pulses is quite weak, as illustrated in Fig. 5 , although one could argue for a slight upward or downward trend in the data cloud, respectively. Data from coating samples deposited under different conditions by the same participant can also be instructive. For that purpose, in Fig. 6 we plot the results of damage testing at both pulse durations along with the high-index materials used for each coating sample (noted above the bars). Several sister samples (by vendor codes) and the isolated process variables are noted in Fig. 6 . It can be noted that the order of LIDTs at the two pulse durations can be reversed, as seen for the pairs of samples from participants D, M and Q. The consistency of laser damage resistance between identical sister samples, such as the pairs submitted by participants F and S, is also worth noting. In contrast, samples P-2 (IBS-deposition), Q-1 and Q-2 (MS-deposition with different number of layers, even and odd, respectively) all used HfO 2 as the high index material yet the trends in LIDT vary significantly with pulse duration. An apparent correlation surfaced upon examination of the GDD spectral shape of the high-and lowperforming coatings within the population with respect to LIDT for 40-fs pulses, as seen in Fig. 7 for five of those samples in each category. We note the coatings on the left hand side (except the one with some ripple) are indicative of quarter-wave stack (QWS) coating designs. These are the most efficient for maximizing reflection at the central wavelength and lead to the quickest decay in the electric field as it penetrates through the coating. The designs on the right hand side were engineered to minimize GDD which most likely had a negative effect on the electric field profile. This correlation between GDD spectra and LIDT rankings is indirect and does not suggest causation; instead, both parameters are a direct consequence of coating design, with the former being determined by the dispersion in the refractive index of the coating materials and layer thicknesses, and the latter, due to the intrinsic damage character with 40-fs pulses, being driven by the strength of the electric field inside the multi-layer stack. In contrast, no apparent correlation was found between the GDD spectral shape and LIDT with 150-ps pulses (not shown here); this is not surprising in the context of extrinsic damage behavior at longer pulses which relates to the electric field intensification due to isolated defects via defect composition/geometry and coating deposition/design. In order to better understand the impact of high index coating materials and deposition process on the laser resistance with 40-fs pulses, we plot the entire population of samples that meet the GDD specifications in Fig. 8 with both of these parameters explicitly stated. It can be observed that all four deposition processes and several different materials with both low-and high-index of refraction within each group yielded comparably high laser resistance with the short pulses. The sample using niobia, hafnia and silica by MS deposition was the highest laser damage resistant coating. In a second, tight group came various materials and deposition processes, such as hafnia by MS, zirconia and zirconia/hafnia by IBS, zirconia/niobia by IAD Figure 9 . Laser resistance with 150-ps pulses of the broadband mirror coatings sorted by the high-index coating material(s) from low to high. and tantala/hafnia by E-beam. In contrast, predominantly lower index materials (hafnia and hafnia/silica blends, see Fig. 9 ) and IBS deposition process have demonstrated higher laser resistance with longer pulses (shown in Fig. 8 (bottom) of Ref. 1). Only one of the coated samples in the reduced population contained metallic (silver) layers in order to reduce the GDD; this sample had average laser resistance with 40-fs pulses at 0.4 J/cm 2 while it was one of the lowest performers with 150-ps pulses at 1 J/cm 2 .
CONCLUSIONS
The two-year competition comprised of i) verification of GDD specifications on all coating samples submitted by participants using a commercial instrument and ii) laser damage testing using both uncompressed (150-ps) and compressed (40-fs), broadband pulses centered at 773-nm produced by a home-built CPA laser system. The GDD measurements revealed an unexpectedly high percentage of sample submissions (∼40%) that did not comply with the challenging GDD specifications over a fairly wide spectral range. Another important result of this competition was the lack of correlation between laser damage resistance with 150-ps vs. 40-fs pulses measured on the reduced population of samples that met all requirements. It was observed that the average performers tended to maintain their rank with both pulse durations; in contrast, the lowest damage resistant samples with 150-ps pulses have raised up to mid-and top-rankings with 40-fs pulses. Table 4 summarizes the salient aspects of the laser damage behaviors with long vs. short pulses as discussed in this manuscript in relation to the process parameters, i.e., coating materials and deposition processes. It should be also noted that the 2016-results are in good agreement with the findings of the 2009 thin film competition 10 which examined the laser resistance of normal incidence, high reflectors at 786 nm using ∼200-fs pulses (similar coating materials and deposition methods were used; although GDD was not specified or measured at that time, the requirements would have been much less stringent for narrower bandwidth, longer pulses).
The official winner at 150-ps pulses was F-3 and F-4, an identical pair of hafnia/silica, IBS deposited mirror coating at 9 J/cm 2 and GDD of ±45 fs 2 .
1 On the other hand, the official winner at 40-fs pulses was C-1, a niobia/hafnia/silica mirror coating at 0.9 J/cm 2 and GDD of ±44 fs 2 deposited by Magnetron Sputtering.
